pR ST98 is a chimeric plasmid isolated from Salmonella enterica serovar Typhi (S. typhi) that mediates the functions of drug resistance and virulence. Previously, we reported that Salmonella plasmid virulence (spv) genes were present in S. typhi. In our current study, we investigated whether plasmid pR ST98 exhibits significant cytotoxicity in macrophages. pR ST98 was transferred into the avirulent Salmonella enterica serovar Typhimurium (S. typhimurium) strain RIA to create the transconjugant pR ST98 /RIA. The standard S. typhimurium virulent strain SR-11, which carries a 100-kb virulence plasmid, was used as a positive control. The bacterial strains were incubated with a murine macrophage-like cell line (J774A.1) in vitro. Apoptosis of J774A.1 cells was examined by electron microscopy and flow cytometry after annexin-V/propidium iodide labeling, and the survival of Salmonella strains in J774A.1 cells was determined. Results showed that macrophages infected with strain pR ST98 /RIA displayed greater levels of apoptosis than those infected with RIA and that pR ST98 may increase bacterial survival in macrophages. Further studies showed that the pR ST98 -induced death of macrophages was associated with the loss of mitochondrial membrane potential and that pR ST98 may activate caspase-9 and then caspase-3. The research data indicate that the virulence of bacteria that contain the pR ST98 plasmid is enhanced; the presence of this plasmid increases the survival of the bacterial pathogen and acts through the mitochondrial pathway to mediate macrophage apoptosis.
INTRODUCTION
Typhoid fever is a classic systemic infection caused by Salmonella enterica serovar Typhi (S. typhi), which remains a serious public health problem in developing countries. Recent data estimate that 22 million (range 16-33 million) cases occur each year, resulting in 216 000 deaths, predominantly in school-age children and young adults. 1 In addition, strains of S. typhi have become resistant to chloramphenicol and other recommended antibiotics (ampicillin, cotrimoxazole and even ciprofloxacin). These resistant strains have become prevalent in several areas of the world. Polluted water is the most common source of typhoid transmission. The highest incidence of typhoid usually occurs where large populations are exposed to contaminated water supplies. In China, the morbidity of typhoid fever has been under control since 1990, but there are still localized areas where the disease incidence remains high and there are occasional outbreaks.
A pandemic of multidrug resistant S. typhi occurred in China in the mid to late 1980s, with 13 provinces and cities affected. In Suzhou, 591 strains of S. typhi were isolated from the blood of patients; these strains were examined for antimicrobial susceptibility by our lab. More than 80% of the isolates were multidrug resistant. This drug resistance was caused by a large, conjugative plasmid of 98.6 MDa (150 kb) that is classified in incompatibility group C. 2 The S. typhi plasmid was designated pR ST98 and is known to mediate bacterial multidrug resistance to chloramphenicol, streptomycin, trimethoprim, sulfonamide, gentamycin, neomycin, kanamycin, cephalosporin, ampicillin, carbenicillin and tetracycline. Patients infected with S. typhi that was positive for pR ST98 had severe symptoms and exhibited complications with high mortality rates. However, only one plasmid existed in all of these isolates. This led us to presume that pR ST98 may be a mosaic-like plasmid that is responsible for drug resistance and increased virulence in bacteria.
The importance of large plasmids for the virulence of Salmonella has been the subject of much research in recent years. Although the exact contribution of virulence plasmids to pathogenesis is still a matter of debate, progress has been made in identifying regions of the plasmid that are necessary for conferring virulence. Kurita et al. 3 identified a highly conserved region of 8 kb, designated the Salmonella plasmid virulence (spv) genes; these genes are present in the plasmids of all other pathogenic Salmonella spp. except S. typhi. The spv genes encompasses five genes, the first gene, spvR, encodes a positive activator for the following four genes, spvABCD. The spv genes appear to promote the rapid growth and survival of Salmonella within the host cells that are important for maintaining systemic Salmonella infection in experimental animals. 4 In 2005, we identified the virulence genes on pR ST98 by Southern blot and DNA sequence analyses, which demonstrated that 99.8% of the homologous spv genes present on spvR and spvB were also present on pR ST98 , a plasmid carrying the genes encoding the properties of drug resistance and virulence in S. typhi.
Although we made the first report that spv homologous genes also existed on pR ST98 , we were still interested in its phenotype because the mechanism of pR ST98 -increased bacterial virulence is still relatively poorly illuminated. Salmonella are intracellular bacteria, mainly residing in mononuclear phagocytes of the host. Their capacity to enter, survive and replicate within a cell, resulting in cytotoxic macrophage cells, may play a major role in their ability to cause disease. Some studies have shown that S. typhi and Salmonella enterica serovar Typhimurium (S. typhimurium) can mediate macrophage apoptosis. [6] [7] [8] [9] [10] The virulence of Salmonella strains in humans and other animals is frequently serovar specific. S. typhi causes typhoid fever only in humans, but no disease is associated with experimental infections in mice. On the other hand, S. typhimurium possesses broad host specificity, which is usually associated with localized gastroenteritis in humans and a typhoid-like systemic disease in mice. Strains of S. typhimurium also appear to damage mammalian macrophage cells more extensively than do strains of S. typhi. 11 In the present study, pR ST98 was transferred into an avirulent S. typhimurium strain RIA, and the murine macrophage-like cell line J774A.1 was used to investigate the pathogenicity of S. typhimurium strains harboring pR ST98 .
MATERIALS AND METHODS

Bacterial strains and culture
The multidrug resistant S. typhi strains harboring pR ST98 and the antibiotic sensitive S. typhi strains were obtained from the blood of patients during a typhoid fever outbreak in Suzhou, China from 1987 to 1992. The S. typhimurium strain SR-11, a virulent wild type strain carrying a 100-kb virulence plasmid, 12 was used as a positive control. S. typhimurium strain RIA is avirulent for mice 13, 14 and harbors a 136.8-kb resistance plasmid that mediates drug resistance to ampicillin and carbenicillin. Plasmid-free Escherichia coli (E. coli) K12W1485 Rif r F 2 Lac 1 (E. coli K12W1485), which contains a rifampicin resistance gene on its chromosome, and S. typhimurium strain RIA were used as recipients to create the transconjugant strain pR ST98 /RIA; RIA was used as a negative control. E. coli V517 (54.4, 7.3, 5.6, 5.2, 4.0, 3.0, 2.7 and 2.1 kb) and Shigella flexneri 24570 (159.6, 4.0 and 3.0 kb), both harboring standard plasmids, were used as size markers. S. typhimurium strain SR-11, pR ST98 /RIA and RIA were grown to mid-logarithmic phase at 37 uC in Luria-Bertani (LB) broth and quantified spectrophotometrically by determining the optical density at 600 nm and using viable plate counts. The S. typhimurium cultures were then centrifuged at 2300g for 5 min and the bacteria were resuspended in RPMI 1640 medium without antibiotics prior to the addition of macrophage cells. ST98 and plasmid DNA extraction The conjugal transfer was divided into two steps. First, pR ST98 was transferred from the clinical isolated multidrug resistant S. typhi to E. coli K12W1485; Shigella and Salmonella selective agar plates containing rifampicin (100 mg/ml) and chloramphenicol (20 mg/ml) were used. As E. coli can ferment lactose, they can be easily identified on Shigella and Salmonella agar plates. E. coli K12W1485 receiving pR ST98 were transconjugant pR ST98 /E. coli K12W1485. Second, pR ST98 was transferred from pR ST98 /E. coli K12W1485 to S. typhimurium RIA. Roe et al.'s method 15 was modified as follows. Both donor and recipient bacteria were grown for 16 h at 37 uC in LB broth separately, and then the cultures were mixed well by taking 0.1 ml of each to a new LB broth and incubated for 4 h at 37 uC, centrifuged at 2,300g for 5 min and resuspended in normal saline. A portion (0.1 ml) of the suspension was transferred to a casein hydrolysate agar plate and grown for 16 h at 37 uC. The lawn was collected and serial dilutions in test tubes was performed. We transferred 0.1 ml of the suspension to a Shigella and Salmonella agar plate that contained rifampicin (100 mg/ml), chloramphenicol (20 mg/ml) and ampicillin (25 mg/ml). The colonies producing hydrogen sulfide were selected to be cultured a second time on the same selective agar; these colonies were labeled transconjugant pR ST98 /RIA and reactivated on LB agar plates. Extraction and analysis of bacterial plasmid DNA was performed according to the method recommended by Takahashi et al. 16 Specifically, DNA extracts were analyzed by electrophoresis on 0.7% agarose gels and then stained with ethidium bromide (1 mg/ml) for 30 min.
Conjugal transfer of pR
PCR amplification of spv genes To insure that spv was located on the transconjugant pR ST98 /RIA, PCR was used to identify the spvR and spvB fragments. S. typhimurium RIA and SR-11 were used as spv-negative and -positive controls, respectively. The spvR primers were (forward) 59-ATG GAT TTC ATT AAT AAA AAA TTA-39 and (reverse) 59-TCA GAA GGT GGA CTG TTT CAG TTT-39. The spvB primers were (forward) 59-ATG TTG ATA CTA AAT GGT TTT TCA-39 and (reverse) 59-CTA TGA GTT GAG TAC CCT CAT GTT-39. The conditions for amplification with all primer sets were 95 uC for 10 min, followed by 32 cycles of 95 uC for 20 s, 55 uC for 20 s and 72 uC for 1 min, followed by a single extension cycle at 72 uC for 5 min. The amplified products were electrophoresed on a 1.2% agarose gel, stained with ethidium bromide and observed under UV light.
Cell culture and infection
Murine macrophage-like cell line J774A.1 was propagated in RPMI 1640 medium with 10% fetal calf serum and 5 mM L-glutamine at 37 uC in a humidified incubator containing 5% CO 2 and 95% air. Cells from exponentially growing cultures were used in all experiments and seeded in 24-well tissue culture plates at 5310 5 cells/well 16-24 h before use. Mid-logarithmic phase growth cultures of S. typhimurium strain SR-11, pR ST98 /RIA and RIA were added to J774A.1 macrophages at a multiplicity of infection of 100 : 1. After incubation at 37 uC for 3 h (0-h time point), infected cells were washed three times with phosphate buffered saline (PBS); then RPMI complete medium containing 100 mg amikacin per ml was added to kill the remaining extracellular bacteria. After 2 h of further incubation at 37 uC, the medium in the 24-well plates was replaced with RPMI containing 10 mg amikacin per ml to prevent extracellular growth of bacteria released from the infected J774A.1 cells. At different time points following infection with Salmonella, J774A.1 macrophages were processed in the following ways. All assays were conducted in triplicate and repeated at least three times. The results are presented as the mean6standard error of the mean. Statistical analyses were conducted using Student's t-test.
Preparation of samples for transmission electron microscopy J774A.1 macrophages were cultured and infected as described above. Time points at 3 and 24 h post-infection were examined. Briefly, the adherent cells were scraped with a cell scraper and pelleted by centrifugation. The cells were then fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer, post-fixed in 1% osmium tetroxide, and dehydrated through a series of graded acetone washes. Samples were embedded in epoxy resin, sectioned, and placed onto 200-mesh copper grids. The grids were stained with uranyl acetate and lead citrate, and samples were examined for the presence of apoptotic cells using a Hitachi transmission electron microscope.
Assessment of apoptosis by flow cytometry after annexin-V/ propidium iodide labeling An annexin-V/propidium iodide apoptosis detection kit (Jinmei Biotech, Shanghai, China) was used, in accordance with the manufacturer's instructions, to assess the apoptosis of J774A.1 macrophages. J774A.1 macrophages were pelleted by centrifugation, washed once with ice-cold PBS, and resuspended in binding buffer. Then, 0.1 ml of this cell suspension was transferred to a 5 ml tube and incubated with 5 ml of annexin-V (Ann V) and 5 ml of propidium iodide (PI) for 15 min at 25 uC in the dark. Finally, 0.4 ml of binding buffer was added, and the samples were analyzed within 1 h on a flow cytometer (FC500; Beckman Coulter, Brea, CA, USA). Early apoptotic cells bind annexin-V, a Ca 21 -dependent phospholipid-binding protein with a high affinity for externalized phosphatidylserine. Living cells exclude PI, allowing for the specific detection and quantification of apoptosis by fluorescence-activated cell sorting analysis. Samples were gated on the basis of forward versus side scatter for size, and the results are presented as the percentage of cells that were viable (Ann V 2 PI 2 ) and early apoptotic (Ann V 1 PI 2 ).
Measurement of mitochondrial membrane potential J774A.1 cells were seeded overnight into 24-well tissue culture plates with coverslips. Monolayers were infected and processed as described above. At specific time points after infection with the bacteria, the coverslips were washed twice with PBS and dyed with JC-1 stain (Biyuntian Biotech, Beijing, China) prepared as instructed by the manufacturer. JC-1 is a cationic dye that fluoresces differently in apoptotic and non-apoptotic cells. Briefly, in living cells with normal mitochondrial membrane potential, the dye is taken up into the mitochondria to form red fluorescent aggregates. However, in apoptotic cells with compromised mitochondrial membrane potential, it remains in the monomeric form in the cytosol and fluoresces green. An iCys Research Imaging Laser Scanning Cytometer (CompuCyte Corporation, Cambridge, MA, USA) was set at an original magnification of 3200. JC-1 selectively accumulates within intact mitochondria to form multimeric aggregates emitting fluorescent light at 590 nm. The monomeric form emits light at 527 nm after excitation at 490 nm. Thus, the color of the dye changes from orange to green, depending on the mitochondrial membrane potential. In addition to using a laser scanning cytometer, images were also taken with a laser scanning confocal microscope (Leica Co., Solms, Germany).
Assay of caspase activity
After infection with S. typhimurium strains for 5 h, the J774A.1 cells were collected by centrifugation and washed once with PBS. The cells were then resuspended in lysis buffer at a density of 10 7 cells/ml and incubated on ice for 10 min. The cell debris was removed by centrifugation at 16 000g for 5 min at 4 uC, and the supernatant was used for the colorimetric assay of caspase-3 and caspase-9 activities using commercial kits (caspase-3 kit from Sigma and caspase-9 kit from Promega). Para-nitroanilide (pNA)-conjugated specific substrates for caspase-3 (DEVD-pNA) or caspase-9 (LEHD-pNA) were used according to the manufacturer's instructions. Cleaved substrates were quantified by reading absorbance at 405 nm with a microplate spectrophotometer (uQuant, Bio-Tek Instruments. Inc., Winooski, VT, USA).
Assessment of bacterial intracellular survival
For viable count determinations, the infected macrophages were washed three times with PBS at the indicated times, and Salmonella were harvested by the addition of 300 ml 0.1% Triton X-100 (prepared in distilled water) to macrophages. After 3 min, cell lysates were collected and serially diluted 10-fold in PBS, and aliquots were plated onto LB agar to enumerate bacterial colony-forming units.
RESULTS
The profile of plasmid pR ST98 and identification for its conjugal transfer To identify the plasmid from multidrug resistant S. typhi, plasmids were extracted and analyzed by electrophoresis. It was demonstrated that the antibiotic resistant strain of S. typhi carried a plasmid with a molecular mass of 150 kb; this plasmid was designated pR ST98 . It was first transferred from the multidrug resistant S. typhi to E. coli K12W1485, and then it was transferred from E. coli K12W1485 to the avirulent S. typhimurium strain RIA, which harbors a 136.8 kb R plasmid. The recipient bacteria RIA that has received plasmid pR ST98 as a result of conjugation is called transconjugant pR ST98 /RIA. Analysis by electrophoresis confirmed that pR ST98 was transferred into RIA. The gel image picture shows that a 150-kb plasmid (pR ST98 ) was found in pR ST98 /RIA (Figure 1 ).
PCR amplification of spv genes
For this study, the open reading frames of spvR (894 bp) and spvB (1776 bp) were amplified. The results illustrated that spvR and spvB homologous genetic sequences, which had been found in all other pathogenic Salmonella spp. except for S. typhi, were also present on pR ST98 (Figure 2 ).
Plasmid pR ST98 induces morphological features of apoptosis in J774A.1 cells In comparison with uninfected controls, J774A.1 macrophages infected with S. typhimurium strains pR ST98 /RIA and SR-11 exhibited morphological features of apoptosis at 3 h post-infection as assessed by transmission electron microscopy, including condensed and marginated nuclear chromatin, cytoplasmic vacuolation, cellular blebbing and the formation of apoptotic bodies. In contrast, cells infected with RIA had a normal appearance within 3 h post-infection, although they contained intracellular bacteria. At 24 h post-infection, cells infected with pR ST98 / RIA and SR-11 displayed features of necrosis. The appearance of most cells infected with RIA was normal, but there were also some cells showing intense perinuclear chromatin aggregation (Figure 3 ).
Plasmid pR ST98 induces extracellular exposure of phosphatidylserine
The relationship between plasmid pR ST98 and macrophage apoptosis was further confirmed by assessing the surface expression of phosphatidylserine using annexin-V in conjunction with propidium iodide for flow cytometry analysis. As shown in Figure 4b , 95.55% of S. typhimurium RIA-infected J774A.1 cells were viable (Ann V 2 PI 2 ). Only 2.74% of cells were apoptotic (Ann V 1 PI 2 ) at 3 h post-infection, and this percentage increased to 4.32% at 24 h post-infection (Figure 4f ). In contrast, infections with pR ST98 /RIA caused an increase in the level of apoptosis from 8.81% (Figure 4c ) at 3 h post-infection to 15.02% at 24 h post-infection (Figure 4g ). Figure 4B Caspase activation during Salmonella infection of J774A.1 cells We determined whether caspase-9 and caspase-3 were activated by Salmonella infection using colorimetric substrate assays of lysates from infected cells. As shown in Figure 6 , both caspase-9 and caspase-3 activity increased at 5 h following infection with S. typhimurium strain SR-11 and with strain pR ST98 /RIA; no major differences were found between caspase activation of cells infected with the strains SR-11 and pR ST98 /RIA. However, cells infected with S. typhimurium strain RIA gave results similar to uninfected cells.
Plasmid pR ST98 enhances bacterial survival in J774A.1 cells Using the dilution method, infected J774A.1 cells were lysed and plated on agar at 10-fold serial dilutions. Transconjugant pR ST98 /RIA showed increased viable counts over a 24-h infection time frame, resulting in up to a 1-log increase in intracellular bacteria. On the other hand, S. typhimurium strain RIA demonstrated approximately a 1-log decline in viable counts during the same time frame, as shown in Figure 7 . These data demonstrated that pR ST98 can enhance survival of Salmonella strains in phagocytes. In addition to the viable count numbers, Giemsa staining of S. typhimurium-infected J774A.1 macrophages visually confirmed the numerical differences between pR ST98 / RIA and RIA (data not shown).
DISCUSSION
The genus Salmonella contains facultative intracellular bacteria that reside mainly in mononuclear phagocytes. The ability of Salmonella to resist and evade the antimicrobial arsenal of phagocytes is a prerequisite for virulence. Macrophages, as professional phagocytes and antigen-presenting cells, are a key link between innate and adaptive immunity and play a critical role in the host immune system. Therefore, during the infection process of Salmonella, it is worth evaluating the fate of the macrophage. Salmonella have been reported to effectively escape being killed by macrophages with a number of defense mechanisms, such as resistance to lysosomes, prevention of the fusion of lysosomes and phagosomes, and the ability to interfere with active oxygen species. In addition to pyroptosis and pyronecrosis, 17 S. typhimurium induces apoptosis and autophagy in infected macrophages. [18] [19] [20] It seems plausible that both methodological and strain differences could explain these discrepancies in part. In this 
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Wu et al 274 study, we transferred a chimeric plasmid, pR ST98 , isolated from S. typhi into an avirulent S. typhimurium strain RIA and investigated whether pR ST98 exhibited significant cytotoxicity in a murine macrophage-like cell line J774A.1. Observation of the cell ultrastructure using transmission electron microscopy is the gold standard in the determination of cell apoptosis. In our study, apoptotic changes, including condensed and marginated nuclear chromatin, membrane blebbing and cytoplasmic vacuolation, were obvious in J774A.1 cells infected with S. typhimurium strain pR ST98 /RIA. The relationship between plasmid pR ST98 and macrophage apoptosis was also confirmed cytofluorometrically using the annexin-V/propidium iodide labeling method. The results indicated that J774A.1 cells infected with S. typhimurium strain pR ST98 / RIA were significantly more apoptotic than those infected with RIA.
S. typhimurium, a close relative of S. typhi, has a broad host range and has been used extensively as an experimental model for typhoid fever. Caspase-3-dependent phagocyte apoptosis during systemic S. typhimurium infection of mice has been reported. 9 Mitochondria are an important regulator of apoptosis and undergo major changes during apoptotic cell death that is induced by apoptotic stimuli. Early in the induction of apoptosis, a loss of mitochondrial Dy m can be detected. This loss of mitochondrial Dy m leads to the release of cytochrome-C into the cytoplasm and results in the activation of caspase-9 and, subsequently, the activation of caspase-3. In this study, the change in mitochondrial Dy m was dynamically monitored with a laser scanning cytometer using the JC-1 staining method. A laser scanning cytometer, one of the most advanced instruments currently used in the field of cell biology, enables us to analyze cells using multiple parameters. It functions as both a flow cytometer and a static image cytometer. The results indicated that pR ST98 /RIA caused decreased levels of Dy m in a higher number of J774A.1 cells than did the RIA strain (P,0.05), suggesting that J774A.1 cell death resulting from pR ST98 was associated with the loss of mitochondrial Dy m .
Further study showed that virulent S. typhimurium strains (pR ST98 / RIA and SR-11) survived in the intracellular environment and multiplied rapidly in J774A.1 cells, compared with the significant declines in viable counts noted for S. typhimurium strain RIA. As bacterial survival rose, more host cells were also damaged, presumably because more cytotoxin was produced. A few recent studies have shed some light on the basis for the cytotoxic effect of Salmonella on murine macrophage cells. 11, 21 These reports demonstrate that many Salmonella serovars can trigger cytotoxicity in murine macrophages and that apoptosis is responsible for some of the observed overall host cell death. Furthermore, apoptosis requires a functional Salmonella type III secretion system and actively replicating Salmonella. Thus, higher amounts of protein from virulent strains secreted into the host cells may lead to increased host cell death.
After uptake, Salmonella reside within a unique organelle, the Salmonella-containing vacuole. The type III secretion system encoded by the Salmonella SPI-2 gene releases effectors that function to both interfere with antimicrobial defense mechanisms of the host and modify Salmonella-containing vacuole to provide optimum living conditions for Salmonella. 22 It was reported that the Salmonella phoPQ system specifically monitors the inner environment of the macrophage and controls the expression of various genes, such as the spvB gene. 23 The SpvB protein has recently been shown to contain an ADP-ribosyltransferase domain in its C-terminus that ADP-ribosylates actin, and this enzymatic activity has been demonstrated to be essential for virulence in mice. Intracellular expression of the SpvB protein induces not only disruption of actin filaments, but also apoptotic cell death in eukaryotic cells. 3, 24, 25 We found a gene sequence that is homologous to spvB on the pR ST98 plasmid. However, pR ST98 is a large chimeric plasmid containing complex sequences of unknown functions. On the basis of our promising results, further investigations should be performed to determine whether the macrophage apoptosis that is induced by pR ST98 is directly related to the spvB gene or to a combination of various genes. Moreover, a transition in mitochondrial membrane permeability is not only related to apoptosis but also often associated with autophagy. 26 The loss of mitochondrial membrane potential observed in this study could also be a result of the increased autophagy may be mediated by the spv genes on pR ST98 . Studies of the Fig. 4B shows the mean percentage of S. typhimurium-infected J774A.1 cells that underwent apoptosis from three separate experiments. In comparison with uninfected and S. typhimurium RIA-infected cells, pR ST98 /RIA-infected macrophages displayed an increase in apoptosis similar to that detected in SR-11-infected cells (*P,0.05; **P,0.01; n59). Ann V, annexin-V; PI, propidium iodide; S. typhimurium, Salmonella enterica serovar Typhimurium.
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relationship between autophagy and apoptosis are now being carried out in our lab. In summary, characterization of the chimeric plasmid pR ST98 isolated from S. typhi is potentially important for understanding the virulence mechanism of this pathogen. Our study indicated that the potential of cytotoxicity mediated through the mitochondrial pathway is primarily involved in plasmid pR ST98 -induced apoptosis. These are the first results to show that the plasmid isolated from S. typhi can enhance the virulence of host bacteria by mediating the apoptosis of the macrophage host cells; this study provides important information on the mechanisms of S. typhi-induced macrophage apoptosis. 
